Duchenne muscular dystrophy is caused by mutations in the dystrophin gene and is characterized by progressive muscle wasting. The highly conserved dystrophin gene encodes a number of protein isoforms. The Dystrophin protein is part of a large protein assembly, the Dystrophin glycoprotein complex, which stabilizes the muscle membrane during contraction and acts as a scaffold for signaling molecules. How the absence of Dystrophin results in the onset of muscular dystrophy remains unclear. Here, we have used transgenic RNA interference to examine the roles of the Drosophila Dystrophin isoforms in muscle. We previously reported that one of the Drosophila Dystrophin orthologs, the DLP2 isoform, is not required to maintain muscle integrity, but plays a role in neuromuscular homeostasis by regulating neurotransmitter release. In this report, we show that reduction of all Dystrophin isoform expression levels in the musculature does not apparently affect myogenesis or muscle attachment, but results in progressive muscle degeneration in larvae and adult flies. We find that a recently identified Dystrophin isoform, Dp117, is expressed in the musculature and is required for muscle integrity. Muscle fibers with reduced levels of Dp117 display disorganized actin-myosin filaments and the cellular hallmarks of necrosis. Our results indicate the existence of at least two possibly separate roles of dystrophin in muscle, maintaining synaptic homeostasis and preserving the structural stability of the muscle.
Introduction
Duchenne muscular dystrophy (DMD) is one of the most common human genetic diseases and is caused by mutations in the dystrophin gene (Hoffman et al., 1987) . DMD is characterized by severe progressive muscle degeneration. The Dystrophin protein is part of a large membrane associated complex, the Dystrophin glycoprotein complex (DGC) (Ervasti and Campbell, 1991) . The DGC links the actin cytoskeleton via Dystrophin to the extracellular matrix, through binding of Dystroglycan to Laminin, thus stabilizing the sarcolemma during muscle contraction (reviewed in Blake et al., 2002) . In addition to its mechanical role, the DGC acts as a scaffold for several signaling pathway proteins (reviewed in Rando, 2001) . Little is understood about the cellular mechanisms that lead to the muscle degeneration in DMD patients.
The dystrophin gene is highly conserved in metazoans. Three homologues are found in vertebrates, dystrophin, utrophin, and dystrophin related protein 2 (DRP2), while one dystrophin-like gene is present in invertebrates (Greener and Roberts, 2000) . A number of animal models have been established for DMD, but severe muscular dystrophy in the absence of dystrophin alone has only been observed in dogs (reviewed in Collins and Morgan, 2003) . absence of dystrophin e.g. when also lacking myoD (Gieseler et al., 2000; Megeney et al., 1996) , a gene required for muscle regeneration.
The differences in severity of muscle degeneration in the diverse animal models can most likely be explained by the distinct strategies organisms have adopted to regenerate muscle after damage. In humans, dystrophic muscle fibers become apparent after the pool of satellite cells, which have a finite capacity to regenerate and repair damaged muscles, has been exhausted (Blau et al., 1983) . In contrast, muscles in the mdx mouse show initially rapid cycles of degeneration and regeneration. As mice age, regeneration predominates due to expansion of the satellite cells, therefore, the dystrophy remains subtle and non-lethal (reviewed in Durbeej and Campbell, 2002) . In dystrophin/myoD double knockout mice, severe muscle wasting does occur, as myoD knockouts are impaired in muscle regeneration (Megeney et al., 1996) . Similarly, the dystrophin/utrophin double knockout mouse displays severe muscle degeneration, indicating the partial redundancy of utrophin and dystrophin (Deconinck et al., 1997; Grady et al., 1997) . C. elegans dystrophin knockouts do not display signs of muscle degeneration, but are hyperactive and exhibit locomotion defects (reviewed in Segalat, 2002) , which are likely due to the de-localization of an acetylcholine transporter (Kim et al., 2004) . However, when both the Egl-19 Ca 2+ channel and the Dystrophin protein are lacking, muscle degeneration is observed (Mariol and Segalat, 2001) , suggesting a crucial role for altered Ca 2+ homeostasis in the onset of muscular degeneration.
The presence of only a single conserved dystrophin ortholog in Drosophila (Greener and Roberts, 2000) simplifies analyses of Dystrophin function. Similarly, to the mammalian dystrophin gene, it encodes multiple protein isoforms, predominantly expressed in the muscle and the nervous system (Dekkers et al., 2004; Neuman et al., 2001 Neuman et al., , 2005 . Recently, we reported that the DLP2 isoform is localized at the postsynaptic side of the neuromuscular junction (NMJ) where it is required for retrograde control of neurotransmitter release (van der Plas et al., 2006) . No significant muscle degeneration was apparent in the dys DLP2 E6 mutant, however, suggesting that DLP2 has few, if any, roles in maintaining the musculature during the embryonic and larval stages.
In this paper, we examine the effects of reducing Dystrophin expression levels on Drosophila muscle integrity. We show that, while myogenesis and muscle attachment occur apparently normally, larvae and adult flies display muscle degeneration when the expression levels of all Dystrophin isoforms are reduced specifically in the musculature by transgenic RNA interference targeting the common Dystrophin carboxyterminal region. In addition, we report that the recently identified Dp117 isoform is expressed in the musculature. Furthermore, decreasing Dp117 expression levels results in muscle degeneration, which is not enhanced by the absence of DLP2. Decreases in Dp117 expression levels are therefore likely partially responsible for the muscle degeneration observed when pan-Dystrophin expression levels are decreased. Taken together with our earlier study, these results suggest that the Drosophila dystrophin gene is required for the maintenance of appropriate synaptic retrograde communication and the stabilization of muscle cell architecture or physiology.
Results

Reduction of pan-Dystrophin expression levels results in muscle degeneration
The dystrophin gene is one of the largest genes in the Drosophila genome and spans approximately 130 kilobases (kb). The gene encodes at least 6 isoforms, which are transcribed from their own promoters (Neuman et al., 2005) . Transcription of the large isoforms, DLP1, DLP2, and DLP3 is initiated upstream of the 5 0 most coding exons, while the CNS-specific Dp186 isoform mRNA and the Dp205 and Dp117 mRNAs are apparently transcribed from downstream promoters (Greener and Roberts, 2000; Neuman et al., 2001 Neuman et al., , 2005  Fig. 1 ). The expression domains of the DLP1-3 and Dp186 isoforms have been reported (Dekkers et al., 2004; Neuman et al., 2001; van der Plas et al., 2006) . Of these isoforms, only DLP2 has been shown to be expressed in muscle fibers and at muscle attachment sites. The Dp205 and Dp117 isoforms have been only recently identified; their sites of expression were, however, not reported (Neuman et al., 2005) . All Drosophila Dystrophin isoforms bear the conserved Dystrophin carboxyterminal region, but, as in mammals, each has a distinct aminoterminal domain.
We have previously shown that absence of DLP2, while resulting in increased presynaptic neurotransmitter release, has no apparent effect on muscle integrity (van der Plas et al., 2006) . In order to investigate whether the simultaneous reduction of the expression of all Dystrophin isoforms leads to muscle degeneration, we generated transgenic flies that express double stranded RNA (dsRNA) from sequences derived from the common carboxyterminal region (RNAi-DysCO 2 H). Using the Gal4-UAS approach (Brand and Perrimon, 1993) , we expressed this dsRNA in the embryonic and larval musculature and at muscle attachment sites (24B-Gal4 X RNAi-DysCO 2 H).
The morphology of the RNAi-DysCO 2 H-expressing musculature was apparently unaffected during embryogenesis (compare Fig. 2A and K, Table 1 ), however, 3rd instar larvae displayed severe muscle degeneration (compare Fig. 2D and N; Table 1 ). Muscles were either ruptured, absent or the fibers were detached from their attachment sites at tendon cells ( Fig. 2N and Q) . Of the muscle fibers analyzed, 33.1% were affected, while only 4.3% of muscle fibers in the wildtype control larvae showed similar defects.
To determine whether the muscle degeneration observed was due to reduced levels of Dystrophin in the muscle or in the tendon cells, we expressed the RNAi-DysCO 2 H transgene under the control of Gal4 drivers specific for expression in either muscle (DMef2-Gal4) or the tendon cells (Stripe-Gal4). In both genotypes, the embryonic musculature was apparently unaffected (Fig. 2L and C) . Expression of the RNAi-DysCO 2 H transgene in tendon cells (Stripe-Gal4 X RNAi-DysCO 2 H) resulted in an average occurrence of 4.1% degenerated muscles in 3rd instar larvae ( Fig. 2F and Table 1 ), a value similar to controls, while expression of RNAi-DysCO 2 H with DMef2-Gal4 resulted in the degeneration of 41.3% of the muscle fibers analyzed ( Fig. 2O and Table 1) .
As previously reported (van der Plas et al., 2006) , the dystrophin mutant dys DLP2 E6 (previously named dys
E6
) that lacks DLP2, did not show structural muscle abnormalities at the level of light microscopy ( Table 1) . Reduction of DLP2 expression levels in muscle, attachment sites, or both by the use of dsRNA targeting sequences present in the three large isoforms (RNAi-DysNH 2 X 24B-Gal4) also failed to cause larval muscle degeneration ( Fig. 2B and E ; Table 1 ). The RNAi-DysNH 2 and 24B-Gal4 lines used were previously shown to phenocopy the dys DLP2 E6 synaptic phenotype (van der Plas et al., 2006) .
To evaluate the efficacy of the RNAi-DysCO 2 H dsRNA expression, we performed semi-quantitative RT-PCR of DLP2 mRNA on body walls prepared from 3rd instar larvae expressing the 24B-Gal4 driven dsRNA and from controls. DLP2 mRNA is not detectably expressed in body walls of the dys DLP2 E6 mutant, is 8-fold reduced in RNAi-DysNH 2 /+;24B-Gal4/+ larvae and 2-fold reduced in RNAi-DysCO 2 H/24B-Gal4 larvae (Fig. 3) .
We also examined the survival of individuals with reduced levels of Dystrophin in the musculature and found that lethality during pupation dramatically increased in RNAi-DysCO 2 H/24B-Gal4 pupae (85.4%) and RNAiDysCO 2 H/DMef2-Gal4 (89.7%), relative to the wildtype control pupae (4.8%) ( Table 2 ). The majority of the pupae develop into pharate adults, but fail to eclose, while the adults that do eclose die within 24 h. Pupal lethality of RNAi-DysNH 2 /+;24B-Gal4/+ and the dys DLP2 E6 mutant, was not significantly different from controls (5.5%, 7.6%, and 4.8%, respectively).
The Dp117 Dystrophin isoform is expressed in the embryonic and larval musculature
We observed that muscle degeneration occurs when the mRNAs encoding all Dystrophin isoforms were targeted by RNA interference in larval muscles, but not when DLP2, the only isoform known to date present in muscle, was absent from these muscles. In order to investigate whether the decreased expression levels of the newly identified Dp117 and Dp205 Dystrophin isoforms (Neuman et al., 2005) were responsible for the muscle defects in RNAi-DysCO 2 H/24B-Gal4 larvae, we first determined where they are expressed by RNA in situ analysis. Dp117 is expressed predominantly in all body wall muscle fibers during embryogenesis ( Fig. 4A and B) and in 3rd instar larva (Fig. 4H) , as well as in the embryonic and larval ventral midline and larval brain ( Fig. 4C and G) . Dp205 is expressed in pericardial cells of the dorsal vessel (Fig. 4D ) and in the ventral nerve cord ( Fig. 4F and I ) during embryogenesis and in 3rd instar larvae, but was apparently absent from both the embryonic and larval musculature ( Fig. 4E and J) . The expression of Dp117 (Fig. 3) and the apparent lack of expression of Dp205 in the musculature (data not shown) were confirmed by semi-quantitative RT-PCR of mRNAs derived from larval body walls.
Dp117 is required for survival and integrity of the larval musculature
We generated a transgene that expresses dsRNA specifically targeting unique Dp117 mRNA sequences to investigate whether reduction in its expression contributes to the muscle degeneration observed in animals with reductions in pan-Dystrophin expression levels. Semi-quantitative RT-PCR analyses revealed that Dp117 mRNA levels were reduced 3-fold from control levels in the RNAi-Dys-CO 2 H/24B-Gal4 larval body wall, 3-fold when one copy of RNAi-Dp117 was driven by 24B-Gal4 and more than 27-fold when two copies of RNAi-Dp117 were present (2xRNAi-Dp117-24B-Gal4) (Fig. 3) . Dp117 expression levels were unchanged in the RNAi-DysNH 2 /+;24B-Gal4/+ and the dys DLP2 E6 larvae. Furthermore, DLP2 expression was unaltered in the RNAi-Dp117/+;24B-Gal4/+ larval body walls. DLP2 levels were 2-fold reduced in 2xRNAi-Dp117-24B-Gal4 (Fig. 3) , perhaps revealing slight off-target effects at very high levels of dsRNA expression.
When we expressed RNAi-Dp117 in single or double copy using the 24B-Gal4 driver, we found that 11.8% and 24.7 %, respectively, of the larval muscles analyzed showed similar defects to those observed when all isoform expression levels are reduced (Table 1 and Fig. 2M ). In contrast, the embryonic musculature was unaffected in RNAiDp117/+;24B-Gal4/+ and 2xRNAi-Dp117-24B-Gal4 embryos ( Fig. 2J and Table 1 ), suggesting that Dp117 is not required for embryonic myogenesis or muscle attachment. Semi-quantitative RT-PCR analyses revealed a 3-fold decrease in Dp117 mRNA levels in embryos expressing 2xRNAi-Dp117 under control of the 24B-Gal4 driver, a decrease similar to that observed in larvae expressing RNAi-Dp117 who exhibit muscle degeneration (Fig. 3) . Similar decreases in embryonic Dp117 expression levels were observed when 2xRNAi-Dp117 was driven by the ubiquitously-expressing Da-Gal4 driver (data not shown). At present, we cannot rule out the possibility that sufficient Dp117 protein remains during embryogenesis of the 2xRNAi-Dp117 animals to preclude developmental defects.
Essentially all RNAi-Dp117/+;24B-Gal4/+ individuals die as white pupae, while 2xRNAi-Dp117-24B-Gal4 individuals die as larvae ( Table 2 ), indicating that lethality correlates with the degree of decreased Dp117 expression. 2xRNAi-Dp117-Elav-Gal4 animals display wildtype levels of survival (Table 2) indicating that lethality is likely correlated with expression of the dsRNA in non-neuronal tissues. The 2xRNAi-Dp117-24B-Gal4 individuals are apparently arrested at the early 3rd larval instar stage; they remain small and have smaller muscles (Figs. 2P and 5F). Although they climb out of the food prior to pupating, as do wildtype 3rd instar larvae, they do not develop into pupae. To address whether the deaths of the RNAiDp117-expressing larvae were due to a failure of the animals to eat or to eliminate food, possibly subsequent to muscle degeneration or disruptions of some aspect of intestinal function, we assayed food intake and excretion of 2xRNAi-Dp117-24B-Gal4 animals at each larval stage. The 2xRNAi-Dp117-24B-Gal4 animals displayed food uptake similar to the controls as 1st and 2nd larval instars; however they completely ceased feeding during the 3rd larval instar (Supplemental Figure) . Animals of both genotypes, had they ingested food, completely eliminated it from their intestines within several hours (data not shown). E , and H), RNAi-DysCO 2 H/+; Stripe-Gal4/+ (C, F, and I), 2xRNAi-Dp117-24B-Gal4 (J, M, and P), RNAi-DysCO 2 H/24B-Gal4 (K, N, and Q) and RNAi-DysCO 2 H/DMef2-Gal4 (L, O, and R) were stained with antimuscle myosin. This antibody recognizes the myosin filaments present in all muscles. The degree of muscle degeneration is significantly increased in the 2xRNAi-Dp117-24B-Gal4, RNAi-DysCO 2 H/24B-Gal4 and RNAiDysCO 2 H/DMef2-Gal4 larvae compared to the wildtype controls, but not in the embryos (see Table 1 for quantification). Note that 2xRNAi-Dp117-24B-Gal4 larvae are smaller and thus have smaller muscles. In panels A-C, J-L anterior is left, dorsal is up, in panels D-F, M-O anterior is up. Higher magnification images of larval muscle fibers 6 and 7 are shown in panels G-I, P-R. Embryonic and larval muscle degeneration was scored for the genotypes listed. N indicates the number of muscles analyzed. SEM is the standard error of the mean. The number of embryos or larvae is indicated between brackets. instar larval body walls of the wildtype control, dys DLP2 E6 , RNAiDysNH 2 /+;24B-Gal4/+, RNAi-Dp117/+;24B-Gal4/+, 2xRNAi-Dp117-24B-Gal4 and RNAi-DysCO 2 H/24B-Gal4 is shown. DLP2 expression is absent in dys DLP2 E6 , 8-fold reduced in RNAi-DysNH 2 /+;24B-Gal4/+, 2-fold reduced in 2xRNAi-Dp117-24B-Gal4, 2-fold reduced in RNAiDysCO 2 H/24B-Gal4 and unchanged in RNAi-Dp117/+;24B-Gal4/+. Dp117 levels are unaltered in dys DLP2 E6 or RNAi-DysNH 2 /+;24B-Gal4/+, 3-fold reduced in RNAi-Dp117/+;24B-Gal4/+, 27-fold reduced in 2xRNAi-Dp117-24B-Gal4 and 3-fold reduced in RNAi-DysCO 2 H/24B-Gal4. Similar RP49 PCR product band intensities observed in titrations of input first strand cDNA across each set indicate that equivalent amounts of total first-strand cDNA were present in each sample. (B) Semiquantitative RT-PCR analysis of Dp117 mRNA levels in the wildtype control and 2xRNAi-Dp117/24B-Gal4 embryos (0-24 h old) is shown. Dp117 levels are approximately 3-fold reduced in the 2xRNAi-Dp117/ 24B-Gal4 genotype. This result suggests that the death of larvae expressing the RNAi-Dp117 transgene might be due to their failure to continue feeding but is not likely due to their failure to eliminate food. To evaluate the possibility that reduction of Dp117 expression levels in other mesodermal larval tissues (where 24B-Gal4 and/or DMef2-Gal4 also drive expression) results in lethality, we have evaluated animals expressing 2xRNAi-Dp117 in the heart (dorsal vessel) and gut using the Hand-Gal4, tinDC-Gal4, bap3-Gal4, and drm-Gal4 drivers (Section 4). Progeny of these crosses were viable and healthy at all developmental stages (data not shown), suggesting that Dp117 is unlikely to have a significant role in the heart or gut in maintaining viability. Further supporting this apparent lack of an involvement of altered Dp117-deficient heart function in lethality, we find that the heart rates of larvae expressing 2xRNAi-Dp117 under 24B-Gal4 control are similar to those of controls (data not shown).
We found that muscle degeneration was more severe when all Dystrophin isoform expression levels were reduced in the RNAi-DysCO 2 H/24B-Gal4 than when only Dp117 levels were reduced in the RNAi-Dp117/+;24B-Gal4/+ larval musculature. Furthermore, despite the greater fold decrease in Dp117 mRNA levels in the 2xRNAi-Dp117-24B-Gal4 individuals (27-fold), relative to RNAi-Dys-CO 2 H/24B-Gal4 (3-fold), their muscle degeneration was not as severe as in the individuals with reduced expression levels of all Dystrophin isoforms ( Table 1 ), suggesting that the simultaneous reduction in Dp117 and another Dystrophin isoform's expression levels might contribute to this phenotype. As DLP2 is the only other Dystrophin isoform known to be expressed in the muscle, we evaluated whether reduction in DLP2 expression levels might exacerbate the muscle degeneration observed when Dp117 levels are reduced. We therefore generated and analyzed larvae that had one copy of RNAi-Dp117, driven by the DMef2-Gal4 mesodermal driver, in the dys DLP2 E6 homozygous background (RNAi-Dp117/+;dys
, DMef2-Gal4). We were unable to use the 24B-Gal4 driver transgene as its close proximity to the dystrophin locus precluded their ready recombination. A slight decrease in muscle degeneration was observed in these larvae compared to the RNAi-Dp117/+;DMef2-Gal4/+ control larvae ( Table  1 ), indicating that simultaneous reduction in the expression levels of DLP2 and Dp117 does not have an additive effect on destabilizing the musculature.
Dystrophin-deficient muscles display disorganized myofilaments and signs of necrosis
To further characterize the morphological changes in the musculature when Dystrophin levels are reduced, we Fig. 4 . Dp117, but not Dp205, is expressed in the embryonic and larval body wall musculature. Dp117 (A-C, G, and H) and Dp205 (D-F, I, and J) isoform mRNA expression domains as determined by RNA in situ analyses of wildtype embryos are shown. Embryonic (A-F) and 3rd larval instar domains (G-J) are shown. Dp117 and Dp205 are both expressed in the embryonic ventral nerve cord (C and F), Dp117 at the ventral midline of the larval neuropile (G, arrow) and both are expressed in the larval brain (G and I, arrowheads). Only Dp117 is expressed in the embryonic (A, arrow and B) and larval body wall musculature (H), while Dp205 is present in the pericardial cells of the dorsal vessel (D, arrow) but is not detected in the larval musculature (J).
Fig. 5. Actin organization is altered when dystrophin levels are reduced. Third instar larvae of the following genotypes, wildtype (A, D, and G), RNAi-DysCO 2 H/24B-Gal4 (B, E, and H), and 2xRNAi-Dp117-24B-Gal4 (C, F, and I) were stained with anti-actin (A-C), fluorochrome conjugated-phalloidin (D-F) or with anti-Discs-Large (G-I). Actin organization is severely disrupted in RNAi-DysCO2H/24B-Gal4 and 2xRNAi-Dp117-24B-Gal4 larvae. Anti-discs-Large stainings reveal no significant alterations in the T-tubular structure when Dystrophin isoform expression levels are reduced. Note that 2xRNAi-Dp117-24B-Gal4 larvae are smaller resulting in smaller muscles. studied actin distribution in these fibers. In the affected RNAi-DysCO 2 H/24B-Gal4 and 2xRNAi-Dp117-24B-Gal4 fibers, actin distribution is disorganized and the characteristic I-band pattern of the sarcomeres is disrupted (Fig. 5A-F) . We also examined the general organization of the T-tubular structure by staining body walls with anti-Discs Large (Razzaq et al., 2001 ), but did not observe any significant morphological changes in T-tubular organization, suggesting that the sarcolemma is largely intact when pan-Dystrophin or Dp117 expression levels are reduced (Fig. 5G-I ). This result was confirmed by incubation of larval body walls with Evan's blue dye, which does not difuse into intact sarcolemma. RNAi-DysCO 2 H/24B-Gal4 larval muscles exclude the dye, suggesting that their membranes are intact, while the control larvae treated with Triton X-100 show dye uptake (Fig. 6A-C) .
We also characterized the morphological features of wildtype, RNAi-DysCO 2 H/24B-Gal4, RNAi-Dp117/+; 24B-Gal4/+, and 2xRNAi-Dp117-24B-Gal4 embryonic and larval muscle fibers at the ultrastructural level. Previous studies have indicated that apoptosis precedes necrosis in Dystrophin-deficient muscle fibers in mammals (Sandri et al., 1998; Tidball et al., 1995) . Apoptosis induces characteristic changes in organelle structures, such as condensed mitochondria, fragmented sarcoplasmic reticulum (SR) and nuclei with chromatin condensation and formation of apoptotic bodies. Features characteristic of necrosis include swollen mitochondria, swollen SR, and swollen nuclei with dispersed chromatin.
Stage 16 embryonic muscles 6, 7, 12, and 13 with reduced expression levels of Dystrophin isoforms show no signs of apoptosis or necrosis at the ultrastructural level (data not shown). Muscle fibers of RNAi-DysCO 2 H/24B-Gal4, RNAi-Dp117/+; 24B-Gal4/+, and 2xRNAi-Dp117-24B-Gal4 3rd instar larvae, however, exhibit a number of necrotic morphological changes compared to the wildtype controls (Figs. 7 and 8) . Overall, the morphological features of necrosis were less pronounced in the RNAi-Dp117/+;24B-Gal4/+ larvae compared to those of the other two transgenic lines. Affected muscles often displayed disorganization of the actin-myosin filaments (Figs.  7B, H and 8G, H, J) , confirming the abnormal actin distribution when Dystrophin levels are reduced as observed by light microscopy ( Fig. 5B and C) . At the ultrastructural level, areas with degenerating sarcomeres and areas devoid of actin and myosin filaments were present within one muscle fiber (Fig. 8J) , which likely correspond to the light and dark (less stained) areas, respectively, seen at LM level ( Fig. 5E and F) . Mitochondria were often swollen (Figs. 7B + inset and 8B, G, H, and J), however, round condensed mitochondria were also present in severely damaged muscles ( Fig. 7F and I) . The SR was swollen and sometimes fragmented, as were the dyads, a region of the SR where the T-tubules are in close apposition to junctional SR (Figs. 7B, D, and 8A-D, I). Nuclei with patches of condensed heterochromatin were found, while the sarcolemma was still intact in most fibers (Figs. 7J and 8E, K). Occasionally, fibers that also showed a disrupted sarcolemma and extracellular debris were found (Figs. 7I and 8K ). Furthermore, hemocytes (phagocytic cells) were more often encountered in samples of the RNAi-DysCO 2 H/24B-Gal4 (Fig. 7J ) and the 2xRNAi-Dp117-24B-Gal4 (Fig. 8K ) larvae compared to samples of wildtype larvae (data not shown). Except for some condensed mitochondria, no apoptotic features such as pycnotic nuclei or apoptotic bodies were observed in larval preparations with reduced dystrophin levels. These results suggest that reductions in pan-Dystrophin levels in muscle result predominantly in necrosis rather than apoptosis. This was supported by our observations that TUNEL-positive (apoptotic) nuclei Fig. 6 . Evan's blue dye is excluded from pan-Dystrophin-deficient muscle fibers and apoptotic nuclei are not observed in RNAi-DysCO 2 H/24B-Gal4 larval body walls. Incubation with Evan's blue dye reveals that while control wildtype 3rd larval instar muscles treated with Triton X-100 show dye uptake indicating increased muscle permeability (A), untreated wildtype control muscles (B) and RNAi-DysCO 2 H/24B-Gal4 muscle fibers (C) do not. A TUNEL assay was performed on wildtype (E) and RNAi-DysCO 2 H/24B-Gal4 (F) larval body wall muscles to detect the DNA fragmentation characteristic of apoptosis, but no signs of apoptosis were observed, while the control body walls that were incubated with DNAse I in the presence of Triton X-100 to render their membranes permeable (D) show a high incidence of labeled nuclei.
were absent in the RNAi-DysCO 2 H/24B-Gal4 larval musculature (Fig. 6D-F) .
2.5. Dystrophin-deficient pupae undergo myogenesis normally, but adult flies exhibit progressive muscle degeneration at time of eclosion At the beginning of the pupal stage, the musculature histolyses and new muscle fibers develop and further mature during pupation to form the adult musculature. We therefore determined whether the pan-Dystrophin isoforms, or Dp117 specifically, are required for myogenesis and/or maturation of the musculature at this stage of development. We examined muscle architecture and attachment in transverse and horizontal sections of thoraces of w 1118 , RNAi-DysCO 2 H/Stripe-Gal4 and RNAiDysCO 2 H/DMef2-Gal4 pharate adults dissected from the pupal case at 72 h APF (After Pupa Formation). Wildtype flies eclose at approximately 78 h APF at 29°C. We also examined the musculature of the subset of RNAi-DysCO 2 H/DMef2-Gal4 flies, which develop into live adults, but are unable to fully exit the pupal case (''DMef2 (late)'', Fig. 9E , F and Table 2 ) and those that eclose but die within 24 h. Inasmuch as driving either RNAi-Dp117 or 2xRNAi-Dp117 with 24B-Gal4 or DMef2-Gal4 resulted in the animals dying prior to the pharate adult stage, we evaluated the effects of reduced Dp117 expression levels on the adult musculature by examining 2xRNAi-Dp117-Mhc-Gal4 animals, which survive through and beyond eclosion, likely due to the first larval instar onset of expression of this muscle-specific driver (DiAntonio et al., 1999) .
Myogenesis and attachment of thoracic muscles was not impaired in the RNAi-DysCO 2 H/Stripe-Gal4 and RNAi-DysCO 2 H/DMef2-Gal4 individuals at 72 h APF; transverse sections of thoracic muscles appeared wildtype at the level of light microscopy (Fig. 9A, B, and D) . At the ultrastructural level, the RNAi-DysCO 2 H/DMef2-Gal4 Fig. 7 . Muscle fibers with reduced levels of all Dystrophin isoforms display ultrastructural signs of necrosis. Representative EM micrographs of muscle fibers 6 and 7 of 3rd instar larvae of the genotypes, wildtype (A, C, and E), dys DLP2 E6 (G), and RNAi-DysCO 2 H/24B-Gal4 (B, D, F, and H-J) are shown. When the expression levels of all Dystrophin isoforms were reduced (RNAi-DysCO 2 H/24B-Gal4), but not DLP2 alone (dys DLP2 E6 ), signs of necrosis were observed. These include swollen mitochondria (B and inset, F, see asterisks), swollen and fragmented SR (B and inset, D, see arrowheads) and swelling below the sarcolemma (I, see asterisks). Swelling of the SR was also observed at the level of dyads (compare D to C; junctional SR is dark gray, underneath lies the Ryanodine receptor-containing density; the thin electron-lucent tube is a T-tubule). Furthermore, arrows indicate condensed mitochondria (F, I, and J) in severely damaged muscle fibers. Such mitochondria were often extruded (I) and phagocytosed by hemocytes as evidenced by their presence in a vesicle and the normal appearance of other mitochondria present in the cytoplasm which are that of the hemocyte (J, arrow). Nuclei often show condensation of heterochromatin and a ruffled nuclear envelope (F). Actin and myosin filaments are disorganized in these fibers and Z-bands are disrupted (H), while DLP2 mutants (dys DLP2 E6 ) display only occasionally disoriented myosin filaments (G). Size bars are 250 nm in A-D, 500 nm in G, H, and 2 lm in E, F, I, and J.
adults which survive to only partially exit their pupal cases (''DMef2 (late)''), displayed severe muscle degeneration (compare Fig. 9C and F) , including disruption of Z-lines and disorganization of actin-myosin filaments. Similar results were obtained for the subset of one day old RNAi-DysCO 2 H/DMef2-Gal4 flies which eclosed (data not shown). The 2xRNAi-Dp117-Mhc-Gal4 animals displayed myofibrils of smaller than wildtype diameter (compare Fig. 9G and H) , likely as a result of significant disintegration of the actin-myosin filaments visualized in transverse sections at the ultrastructural level (compare Fig. 9I and J) . Pupal myogenesis and muscle attachment apparently proceed normally when pan-dystrophin expression levels are reduced in either the musculature or attachment sites. However, muscle degeneration begins late in pupal development when either the pan-Dystrophin isoform or Dp117 expression levels are reduced in the muscle.
Discussion
In this study, we have made use of transgenic RNA interference and heritable mutant alleles to address which Dystrophin isoforms play roles in maintaining the integrity of the fruitfly musculature. We show that expression of transgenically encoded dsRNAs targeting a region of the dystrophin gene common to the mRNAs encoding all known isoforms (RNAi-DysCO 2 H) in the muscle does not apparently affect embryonic or pupal myogenesis, but results in severe, progressive muscle degeneration and premature death. We found that the newly identified Dystrophin isoform, Dp117, is expressed in the muscle and therefore a likely candidate, in addition to DLP2, to play a role in stabilizing the muscle structure. While the muscle becomes hyperdepolarized upon evoked stimulation by the motoneuron when DLP2 expression levels are reduced, overall muscle morphology and viability are apparently Fig. 8 . Reduction of Dp117 levels in muscle fibers results in necrosis. Representative EM micrographs of body wall muscles of 3rd instar larvae of the genotypes, RNAi-Dp117/+;24B-Gal4/+ (A, C, E, and G) and 2xRNAi-Dp117-24B-Gal4 (B, D, F, and H-K) are shown. Wildtype controls are presented in Fig. 7 . Signs of necrosis, such as swollen mitochondria (G), swollen and fragmented SR (A), swollen dyads (C) and disoriented actin and myosin filaments (G), are observed when Dp117 expression levels are partially reduced (3-fold in RNAi-Dp117/+;24B-Gal4/+). These features are more pronounced when Dp117 expression levels are further reduced (27-fold in 2xRNAi-Dp117-24B-Gal4). These larvae show extremely swollen mitochondria (J), and disrupted dyads (arrowheads in B and I) and swelling of the T-tubule (D, see asterisk). Nuclei with patches of condensed heterochromatin were observed in both samples (E and F). Furthermore, hemocytes that phagocytose extracellular debris (K, arrow indicates a mitochondrium) were also more frequently seen in 2xRNAi-Dp117-24B-Gal4 larvae as well as swelling below the sarcolemma (K, asterisks). Disruption of actin and myosin filaments increases with further decreases in Dp117 expression levels (compare B, H with A, G) and degradation of the sarcomeres leading to empty areas within a muscle fiber was also observed (J). See Fig. 5 for comparison of these genotypes at level of light microscopy. In all micrographs, arrowheads indicate swollen or fragmented SR and broad arrows indicate swollen dyads. Size bars are 250 nm in C, D, I, 500 nm in A, B, G, H, J, and 2 lm in E, F, K. unaffected during development (van der Plas et al., 2006 and this study). In contrast, reduction in Dp117 expression levels results in muscle degeneration and lethality. We did not observe apparent apoptotic features in degenerating larval and adult muscles, suggesting that the morphological changes observed, namely disorganization of actin-myosin filaments and swelling of mitochondria, dyads and SR, likely reflect necrotic processes in the Dystrophin-deficient muscle.
Reduction of pan-Dystrophin expression levels, in which the Dp117 level was 3-fold reduced, caused more severe larval muscle degeneration than a 3-fold reduction of Dp117 alone, indicating that Dp117 is not solely responsible for maintaining muscle integrity. On the other hand, further reduction of Dp117 expression by 27-fold, resulted in more severe muscle degeneration, approaching that seen when expression of all Dystrophin isoforms was reduced. When Dp117 expression was 3-fold reduced in the dys
DLP2 E6
background, which lacks DLP2, muscle degeneration did not increase, suggesting the involvement of factors other than DLP2 in maintaining muscle stability. While the existence of more, unidentified Dystrophin isoforms in Drosophila cannot be ruled out, RT-PCR and 5' race analyses have been performed on mRNAs derived from both embryos and larvae (Neuman et al., 2005 ; our unpublished data) and have not provided evidence that more Dystrophin isoforms are encoded within the Drosophila genome.
The renewal of the musculature at the beginning of pupation is apparently normal when dystrophin levels are reduced, however, at or near stages when the muscles are employed for eclosion from the pupal case, muscle degeneration occurs. Signs of necrosis are observed at the ultrastructural level and actin-myosin filaments are severely disorganized in adult flies that are still alive, but unable to emerge fully from the pupal cage and the approximately 10% of flies that do eclose, but which die after 1 day. These results suggest that Dystrophin is not required for myogenesis or attachment, but plays roles in maintaining muscle integrity, possibly subsequent to exercise. This hypothesis show similar muscle patterns, indicating that myogenesis and muscle attachment proceeds normally in RNAi-DysCO 2 H/Stripe-Gal4 and RNAiDysCO 2 H/DMef2-Gal4 individuals. However, during eclosion a number of somewhat less well-stained muscle fibers appear in the RNAi-DysCO 2 H/ DMef2-Gal4 adults (E, asterisks) that on the ultrastructural level correspond to the most severely affected muscles (compare horizontal TEM sections in F with C). Rupture and disorganization of myofilaments as well as swelling of mitochondria and dyads (inset) became very pronounced in RNAi-DysCO 2 H/ DMef2-Gal4 adults (F). Z-lines were also disrupted or shortened (F, arrowheads). Transverse thoracic TEM sections of 1 day old wildtype and 2xRNAi-Dp117-Mhc-Gal4 flies are compared (G-J. While dyads are closely associated with the myofibrils in the wildtype, these were often misaligned or absent in the 2xRNAi-Dp117-Mhc-Gal4 flies. The regular organization of actin-myosin filaments was disturbed and filaments were sometimes lacking (white hole within myofibril in J) when Dp117 expression levels were reduced. The edges of the myofibrils appeared to be disintegrating (arrows in H and J). This was very pronounced in the 2xRNAi-Dp117-Mhc-Gal4 flies, resulting in myofibrils with reduced diameters (H). Furthermore, heterochromatin appeared somewhat more condensed in the nuclei of the 2xRNAi-Dp117-Mhc-Gal4 musculature (compare G and H). Size bars are 2 lm (G and H), 1 lm (C and F), and 500 nm (I and J).
is supported by studies of DMD patients (Kimura et al., 2006) , dystrophin-deficient mice (Mokhtarian et al., 1999) , and C. elegans (Mariol et al., 2007) that indicate that contractile activity is required for the onset of muscle degeneration.
What is the relationship between muscle degeneration and the lethal stage in Drosophila with reduced levels of Dystrophin isoforms? We hypothesize that the lethality occurring at differing stages of development in the different transgenic lines is not likely caused by the muscle degeneration observable at the light and electron microscopic levels in larval or adult body wall muscles. Nor, conversely, does muscle degeneration appear to be subsequent to the onset of the lethal phase. This is based on the following observations. First, the 2xRNAi-Dp117-24B-Gal4 animals die as 3rd instar larvae, although their muscle degeneration is less severe than that of RNAi-DysCO 2 H/24B-Gal4 larvae, the majority of which die later as pharate adults. Second, 2xRNAi-Dp117-Mhc-Gal4 flies display no overt lethal phase but their musculature is disrupted. Finally, the majority of RNAi-DysCO 2 H/DMef2-Gal4 pharate adults die without apparent muscle damage, whereas those that attempt (sometimes succeeding) to eclose do display muscle degeneration. Thus, our data indicate that the muscle degeneration and lethality associated with reduced levels of Dystrophin expression are unlikely to be causally related.
In comparing when 24B-Gal4 driven single and double copy RNAi-Dp117 animals died, we noted a correlation between the degree of reduction of Dp117 expression levels and time of onset of lethality. As muscle degeneration and lethality did not appear to correlate, we evaluated possible vital roles of Dp117 in other mesoderm-derived tissues by expressing the Dp117 dsRNA in the heart (dorsal vessel) or gut. We did not find evidence for an essential role of Dp117 in these tissues, however, we cannot rule out vital roles for Dp117 in other mesoderm-derived tissues for which Gal4 drivers do not exist. It also remains possible that the Dystrophin-deficient body wall muscle syncitium may be defective for vital functions that, depending on which isoforms expression levels are reduced, do not necessarily manifest themselves in visible structural changes prior to death. For example, Ca 2+ flux may be altered in Drosophila Dystrophin-deficient muscle cells as has been observed in a number of studies of mammalian Dystrophin-deficient tissues (reviewed in Constantin et al., 2006) . The failure of the 2xRNAi-Dp117-24B-Gal4 animals to continue feeding after the 2nd instar stage may cause their deaths or, otherwise, reflect deficits in the musculature involved in feeding or changes in their feeding behavior. Why animals with reduced levels of all Dystrophin isoforms or Dp117 alone die during development and why they die at different stages, however, remains unclear at present.
How do the roles of the Dystrophin isoforms in maintaining the musculature compare between Drosophila and humans? Muscle wasting in DMD patients is caused by the absence of the large, predominantly skeletal isoform, Dp427m, which precludes the formation of a functional DGC (reviewed in Muntoni et al., 2003) . In addition to a role for the DGC in providing structural stability of the musculature through maintaining sarcolemmal integrity, muscular dystrophy has been linked to disruption of the costameric lattice (reviewed in Ervasti, 2003) . The most severe form of dystrophy due to Dystrophin-deficiency (DMD), found in patients who lack all Dp427m protein expression, is usually caused by frame shift or stop mutations. Patients with small in frame deletions present a milder form of dystrophy (Beckers Muscular Dystrophy). There is no simple correlation between the size of the deletion and the severity of the disease, but the presence of the conserved carboxyterminal and actin-binding domains are apparently essential for at least partial functionality.
During the larval, pupal and newly eclosed adult phases of the Drosophila life cycle, we do not observe a significant role for DLP2, the Dp427 ortholog expressed in the musculature, in maintaining muscle integrity, but do so for Dp117, which lacks an apparent actin-binding domain. Previously, we found that extrasynaptic DLP2 in the muscle colocalizes with actin at the sarcomeres (van der Plas et al., 2006) , as is observed in mammalian musculature (reviewed in Ervasti, 2003) . An interaction between Dp117 and the costameric-sarcomeric lattice, if it exists, may explain the disrupted Z-lines and actin-myosin disorganization observed when Dp117 expression levels are reduced in the musculature.
A recent study by others (Shcherbata et al., 2007) reported that adult Drosophila with reduced levels of Dystrophin, including DLP2, display age-dependent muscle degeneration as characterized at the level of light microscopy. Thus, while we find that a lack of DLP2 does not cause significant muscle degeneration during the larval stages, except for occasional actin-myosin disorganization observed at ultrastructural level, it apparently can result in muscle degeneration in 12 to 20 day old flies. In this work, we show that the Dp117 Dystrophin isoform is required for muscle integrity earlier during development than DLP2.
Different Dystrophin isoforms are apparently required to maintain muscle integrity, when comparing the larval and pupal phases of the Drosophila life cycle to mammals. Furthermore, while the unique aminoterminal regions of the Drosophila isoforms are conserved between the Drosophilids (data not shown), they bear little resemblance to their mammalian orthologs. Nonetheless, given the remarkable conservation of the common Dystrophin carboxyterminal region and the tissue-specific expression patterns of the Dystrophin orthologs, it remains possible that evolutionarily conserved mechanisms of Dystrophin function in the muscle exist. Three of the most prominent changes observed in Dystrophin deficient mammalian muscle fibers are a disturbance of calcium homeostasis, increased susceptibility to oxidative stress and elevations in membrane permeability (reviewed in Blake et al., 2002) . Furthermore, a recent study demonstrated that induction of irreversible Ryanodine receptor-mediated Ca 2+ sparks act to initiate dystrophic processes in mammalian skeletal muscle (Wang et al., 2005) . Evaluation of these factors in Dystrophin-deficient Drosophila muscle will likely shed light on whether different orthologs perform similar roles in maintaining muscle function.
Experimental procedures
Drosophila lines
The following Drosophila lines were used for ectopic expression experiments: 24B-Gal4 (Brand and Perrimon, 1993) , which drives expression predominantly throughout the musculature and in the muscle attachment sites (tendon cells), DMef2-Gal4 (Ranganayakulu et al., 1996) , in muscle fibers, but not in the attachment sites, Mhc-Gal4, in the musculature (DiAntonio et al., 1999) , Stripe-Gal4 (Ghazi et al., 2000) , in the muscle attachment sites, but not in muscle fibers, the pan-neural Elav-Gal4 driver (Luo et al., 1994) , Hand-Gal4 Han et al., 2006 and Sellin et al., 2006) and tinDC-Gal4 (Lo et al., 2002) , which are expressed in the heart (dorsal vessel) and bap3-Gal4 (Zaffran et al., 2001 ) and drmGal4 (Green et al., 2002) , which are expressed in the gut. The dystrophin mutant dys DLP2 E6 which lacks expression of the DLP2 isoform and its precise excision control, dys DLP2 E31 were described previously (van der Plas et al., 2006) . w 1118 , the genetic background in which the RNA interference constructs were made, served as the control for stainings and morphological analyses. DMef2-Gal4 and dys DLP2 E6 were recombined using standard techniques to allow generation of DLP2-deficient progeny with reduced levels of Dp117 in the mesoderm.
Sequence analysis of the Dp117 dystrophin transcript
To identify transcripts encoding new potential dystrophin isoforms, we performed RT-PCR on embryonic and larval first-strand cDNA using forward primers lying in four predicted open reading frame regions present in the introns downstream of the first exon of Dp186 and a reverse primer complementary to sequences within the common dystrophin carboxyterminal domain. Primer sequences are available upon request. Two novel isoforms were identified (data not shown), corresponding to the Dp117 and Dp205 isoforms, which were reported as this work was in progress (Neuman et al., 2005) . In addition to the homology with a published EST previously noted (Neuman et al., 2005) , our sequence analyses revealed that the unique Dp117 sequences correspond to the previously annotated CG7344 gene within the dystrophin gene. The Dp117 dystrophin transcript results from the splicing of sequences corresponding to bp 1442 of the CG7344 transcript (Accession # NM142555) to those corresponding to bp 8577 of the common dystrophin carboxyterminal region present in the DLP2 transcript (Accession # AF297644). Consensus donor and acceptor splicing junctions are present at these sites. As previously published (Neuman et al., 2005 : Accession # AY875639), we found that the Dp205 unique sequences are appended to bp 7969 of the common carboxyterminal region (Accession # AF297644). Therefore, in addition to their unique amino terminal regions, the Dystrophin isoforms differ by how many full spectrin repeats they bear, the large isoforms (DLP1, DLP2, and DLP3) have eleven, Dp186 has four, Dp205 has two and Dp117 has only one repeat.
Generation of transgenic RNA-interference lines
Two RNA interference transgenes, RNAi-DysCO 2 H (containing bps 9537-10091 of the DLP2 mRNA (Accession # AF297644)), and RNAiDp117 (containing bps 749-1288 of the CG7344/Dp117 mRNA (Accession # NM142555) were made by cloning the isoform-specific sequences in a pUAST derivative bearing the mub intron (Reichhart et al., 2002) . A third construct, RNAi-DysNH 2 (containing bp 610-1532 of the DLP2 isoform (Accession # AF297644)) has been described previously (van der Plas et al., 2006) . Multiple independent chromosomal inserts were obtained for the RNA-interference transgenic fly lines using standard techniques for P-element transformation.
Semi-quantitative RT-PCR analyses
In order to determine the effects of the RNA-interference transgenes on the expression levels of the native dystrophin isoform transcripts, we performed semi-quantitative reverse transcription (RT)-PCR on total RNA derived from larval body walls using isoform-specific primer sets as described (van der Plas et al., 2006) . Primers specific for the ribosomal protein RP49 were used to evaluate total mRNA levels in the samples. All primers were designed in such a way that intron-spanning products were generated to allow discrimination between genomic and cDNA-derived PCR products. The following primer sequences were used: DLP2 forward: CGTAAAGACTTGAAACGCGTCG, DLP2 reverse: TGGATTCCATG GCGTGGT, Dp117 forward: GCGACTCTTTGCCAGCAGTGG, Dp205 forward: GAGTCCCAAGAAAAGCAGCAGTG, Dp117/Dp205 reverse: GCATTTGGCCTGGTGCTTGG, RP49 forward: ATGACCAT CCGCCCAGCA and RP49 reverse: TTGGGGTTGGTGAGGCGGAC.
cDNA was prepared from 3rd larval instar body wall or embryonic total mRNA as described (van der Plas et al., 2006) . Samples were adjusted to equivalent A260 values and 2-(DLP2 primers) or 3-fold dilutions were made to ensure that the assay was in a range where the product band intensity corresponds to total input cDNA. After standard 30 cycle PCR (except for Dp117, where 36 cycles were used) the products were electrophoresed and stained with ethidium bromide. Bands of equal intensity were identified among the dilutions of the mutant and transgenic dsRNAexpressing larvae and compared with the dilution series of the wildtype samples to estimate fold reductions in expression of the specific isoforms.
4.5. RNA in situ hybridization, Immunohistochemistry and TUNEL assay RNA in situ hybridizations using probes complementary to Dp117 (bps 636-1277 of Accession # NM142555) and Dp205 (bps 298-1067 of Accession # AF297644) unique sequences were performed as described (Dekkers et al., 2004) . Anti-actin (1:20k) (MP Biomedicals, Aurora, OH), AlexaFluor 488 -phalloidin (Invitrogen Breda, The Netherlands), anti-Discs-Large (1:500; Developmental Studies Hybridoma Bank), antimuscle myosin (1:100), and Alexa-Fluor-conjugated secondary antibodies (1:300) (Invitrogen Breda, The Netherlands) were used as described (van der Plas et al., 2006) .
The presence of apoptotic nuclei in 3rd instar larvae in which all dystrophin levels are reduced was assayed by the use of a commercial TUNEL assay kit (Roche). In brief, larval body walls were dissected and fixed in 4% paraformaldehyde solution, treated with 20 lg/ml Proteinase K for 30 min, post-fixed with 4% paraformaldehyde and incubated for 1 h at 37°C in TUNEL solution mix (Roche). w 1118 body walls with and without an incubation with DNAse1 were taken along as negative and positive control samples for the occurrence of dUTP-labeled muscle nuclei, respectively. All body walls were then mounted in anti-fade and photographed on a Zeiss Axiophot 2.
To investigate whether membrane integrity was altered when dystrophin levels were reduced, 3rd instar body walls were incubated with Evan's blue dye and dye uptake was evaluated. Briefly, larvae were dissected in cold PBS and then incubated on ice in 0.3 mg/ml Evan's blue dye in PBS for 1.5 h, then washed with PBS and fixed for 15 min in 3.7% formaldehyde before mounting. To serve as positive controls, body walls were incubated with 0.1% Triton X-100 in PBS to permeabilize the membranes.
Analyses of muscle phenotypes and pupal lethality
Embryos and larvae of the different genotypes described in Table 1 were grown at 29°C and scored for possible abnormalities in muscle formation. Therefore, embryos were fixed and stained with anti-muscle myosin and subsequently dissected to examine the body wall musculature. For each genotype, a defined set of 1200 muscles of 12 embryos was examined and muscles that were either absent, ruptured or loose from the attachment sites were scored. The following muscle fibers were scored in each of the embryos: the ventral longitudinal muscle fibers 6, 7, 12, 13, the lateral longitudinal and oblique muscle fibers 4 and 5, the segment border muscle 8 and the lateral transverse muscle fibers 21, 22, and 23 in the abdominal segments A2 to A6. A similar analysis was performed on 3rd larval instar body wall muscles. Larvae were dissected in PBS and fixed and visualized using Bouin's Fixative. For most genotypes, 1200 muscles of 24 larvae were scored for those that were absent, ruptured or detached from their attachment sites. The muscle fibers 4, 6, 7, 12, and 13 in segments A2 to A6 were scored in each larva.
The percentage of pupae of the genotypes listed in Table 1 that did not survive to adulthood was determined by subtracting the number of eclosed flies from the number of pupae present and dividing this number by the number of pupae present (X 100). The stage of pupal death was determined by collecting white pre-pupae and following their development until death or eclosion.
Food ingestion/elimination assay
Embryos were collected on apple juice plates with yeast paste during 1 h and allowed to develop at 29°C for the indicated amount of time (22, 48, or 70 h for larvae in 1st, 2nd or 3rd instar stage, respectively). Fifty larvae were then transferred to apple juice plates with yeast paste supplemented with bromophenol blue and allowed to feed for 3 h, then washed and scored by eye for the presence of blue food in their intestinal tract in 2-7 independent experiments for each time point. Subsequently, larvae with blue intestines were transferred to a fresh apple juice plate with regular yeast paste for another 3 h, after which the blue food was cleared from the intestines in all genotypes.
4.8. Embedding of embryos, larvae and thoraces for light and transmission electron microscopy Body walls of Stage 16 embryos and 3rd instar larvae were prepared and sectioned for the examination of ultrastructural morphology, as described (Lin and Goodman, 1994) . The embryonic chorion and vitelline membrane were removed by hand and the body walls were prepared in cold PBS on a glass slide. Fixation with 2% glutaraldehyde, post fixation with 1% OsO 4 , en bloc staining with 1% aqueous uranyl acetate, and dehydration with ethanol were performed on the glass slide under the same conditions as indicated for the larval preparations. The embryonic body walls were gently loosened from the glass slide with a tungsten needle, mounted with the ventral side up on double-sided tape and flat embedded in Epon. Two embryos and three larvae of each genotype were semi-serially sectioned and visualized using a CM10 transmission electron microscope (Philips, The Netherlands).
Pupae were staged by collecting white prepupae and allowing them to develop at 29°C for 72 h to collect pharate adults or longer in order to collect partially or fully eclosed individuals. Individuals were scored as partially eclosed (late RNAi-DysCO 2 H/DMef2-Gal4), when they failed to eclose completely within 4 h after they had partially exited the pupal case, but were still alive. Fully eclosed flies were collected between 12 and 24 h after eclosion. These flies were soaked in ice cold fixative, see below, to which 0.1% household detergent was added (Hess et al., 2006) to prevent floating on the fixative, before they were pinned down on Sylgard. Pharate adults were carefully removed from their pupal case and pinned down on Sylgard. Subsequently, a drop of ice-cold fixative was put on the flies. The head and abdomen were cut off and fixation of the thoraces was continued overnight in 2% paraformaldehyde/2% glutaraldehyde in 0.1 M Na-Cacodylate/0.05% CaCl 2 , pH 7.4 at 4°C. Thoraces were post-fixed with 2% OsO 4 in 0.1 M Na-cacodylate buffer, pH 7.4 for 2 h at 4°C. The samples were then rinsed with 0.14 M Na-Cacodylate buffer followed by 2 rinses with distilled water and after dehydration through an ethanol series and transition to Propylene oxide, samples were embedded in Epon such that either horizontal or transverse sections could be made. We analyzed 9 w 1118 , 4 RNAi-DysCO 2 H/Stripe-Gal4, 6 RNAi-DysCO 2 H/24B-Gal4, 4 RNAi-DysCO 2 H/DMef2-Gal4 and 9 late RNAi-DysCO 2 H/DMef2-Gal4 pupal thoraces, as well as 4 w 1118 and 3 2xRNAi-Dp117-Mhc-Gal4 thoraces of one day old flies. For light microscopy, 1 lm thick transverse sections were stained with Toluidine Blue and photographed on a Zeiss Axiophot 2. For TEM, ultra-thin 90 nm transverse and horizontal sections were post stained with uranyl acetate and Sato. Transmission electron micrographs were recorded on film (Kodak) or with a Megaview III side entry digital camera (Olympus Soft Imaging Solutions GmbH, Germany). Representative images for each genotype are presented.
